Melanization due to the inactivation of the homogentisate-1,2-dioxygenase gene (hmgA) has been demonstrated to increase stress resistance, persistence, and virulence in some bacterial species but such pigmented mutants have not been observed in pathogenic members of the Vibrio Harveyi clade. In this study, we used Vibrio campbellii ATCC BAA-1116 as model organism to understand how melanization affected cellular phenotype, metabolism, and virulence. An in-frame deletion of the hmgA gene resulted in the overproduction of a pigment in cell culture supernatants and cellular membranes that was identified as pyomelanin. Unlike previous demonstrations in Vibrio cholerae, Burkholderia cepacia, and Pseudomonas aeruginosa, the pigmented V. campbellii mutant did not show increased UV resistance and was found to be ∼2.7 times less virulent than the wild type strain in Penaeus monodon shrimp virulence assays. However, the extracted pyomelanin pigment did confer a higher resistance to oxidative stress when incubated with wild type cells. Microarray-based transcriptomic analyses revealed that the hmgA gene deletion and subsequent pyomelanin production negatively effected the expression of 129 genes primarily involved in energy production, amino acid, and lipid metabolism, and protein translation and turnover. This transcriptional response was mediated in part by an impairment of the quorum sensing regulon as transcripts of the quorum sensing high cell density master regulator LuxR and other operonic members of this regulon were significantly less abundant in the hmgA mutant. Taken together, the results suggest that the pyomelanization of V. campbellii sufficiently impairs the metabolic activities of this organism and renders it less fit and virulent than its isogenic wild type strain.
INTRODUCTION
As a member of the L-tyrosine catabolism pathway in bacterial and eukaryotic organisms, the enzyme homogentisate 1,2-dioxygenase (HmgA) catalyzes the intermediate homogentisic acid into 4-maleylacetoacetate which is further catabolized to yield fumarate and acetoacetate. In some bacterial species, it has been demonstrated that the inactivation of the hmgA gene results in the accumulation of homogentisic acid which when autooxidized leads to the formation of the water-soluble brown pigment pyomelanin (Rodriguez-Rojas et al., 2009; Schmaler-Ripcke et al., 2009; Turick et al., 2009; Valeru et al., 2009; Wang et al., 2011) . This phenotype has been observed in naturally pigmented environmental and clinical strains of Vibrio cholerae and has been shown to be due to mutations in the hmgA gene . Interestingly, pyomelanin pigmented V. cholerae demonstrate greater UV and oxidative stress resistance, virulence factor expression and infant mouse intestine colonization rates than their non-pigmented counterparts (Valeru et al., 2009) . The ability of pyomelanin to confer increased resistance to oxidative stress appears to contribute to virulence by reducing the susceptibility of pigmented bacteria to host defense mechanisms. Because of these particular characteristics, it is not surprising that pyomelaninproducing Pseudomonas aeruginosa and Burkholderia cepacia are frequently isolated from cystic fibrosis patients (Zughaier et al., 1999; Rodriguez-Rojas et al., 2009) . Furthermore, the production of pyomelanin has also been shown to provide greater protection from other environmental stresses such as hyperosmotic shock and elevated temperatures (Kotob et al., 1995) and act as a sole terminal electron acceptor and soluble electron shuttle to iron which may provide an additional fitness advantage to pyomelanin-producing mutants in anaerobic environments (Turick et al., 2002) .
Despite these seemingly advantageous phenotypes, such pigmented mutants have not been reported from pathogenic members of the Vibrio Harveyi clade. Two of the most economically important Harveyi clade species, V. campbellii and V. harveyi, are common inhabitants of tropical marine environments and are among the most important bacterial pathogens of many commercially farmed marine invertebrate and vertebrate species (Thompson et al., 2004; Austin and Zhang, 2006) . As certain pathogenic members of both species are capable of producing quorum sensing induced bioluminescence, the disease caused by them is often referred to as luminescent vibriosis (Defoirdt et al., 2008) and is a disease manifestation that is frequently implicated in outbreaks within penaeid shrimp larval culture facilities worldwide (Austin and Zhang, 2006) . Given the importance of shrimp hemocyte-mediated oxidative defense mechanisms in combatting Vibrio infections (Ji et al., 2011) , it is not unreasonable to posit that pyomelanization may benefit the survival and perhaps exacerbate the virulence of vibrios in this host environment. However, the production of pyomelanin comes at the cost of impairing the tyrosine catabolism pathway and the effect of the inactivation of hmgA and/or pyomelanin production on global cellular metabolism is not known. In this study, we used V. campbellii ATCC BAA-1116, a bioluminescent marine bacterium that is best known as a model organism for quorum sensing studies (Bassler, 1999) , to begin to determine the generality of pyomelaninmediated phenotypes and how the deletion of the hmgA gene and resulting pyomelanin production may affect cellular phenotypes, virulence, and transcription.
MATERIALS AND METHODS

BACTERIAL STRAINS AND GROWTH CONDITIONS
V. campbellii (ATCC strain BAA-1116; previously known as V. harveyi BAA-1116 or BB120; Lin et al., 2010) and the hmgA mutant were grown in Luria Marine (LM) medium (20 g NaCl, 10 tryptone, 5 g yeast extract per L, pH 7.8) or Tryptic Soy Broth containing 1% NaCl. Escherichia coli DH5α and SM10λpir used for standard DNA manipulation and conjugation were grown in Luria Broth (LB) medium.
CONSTRUCTION OF THE hmgA IN-FRAME DELETION MUTANT
The in-frame deletion of the V. campbellii hmgA gene ( hmgA) was generated by overlap PCR (Warrens et al., 1997) . Briefly, ∼500 bp DNA fragments upstream and downstream of the hmgA open reading frame were amplified from V. campbellii BAA-1116 genomic DNA using the primer pairs hmgA-a (5 -TAggatccTGTACGAAATCGACCATCTGAC)/hmgA-b (5 -c) and hmgA-c (5 -GAGGAGTACTAAGCGGGGGCAAGGATGAAA)/ hmgA-d (5 -CActcgagACTTCACCTTCGAAGTCAATCC), respectively. The two PCR products were annealed using their overlapping region and amplified using primers hmgA-a and hmgA-d. The resulting 1 Kb PCR fragment was cloned into the pCR4-TOPO vector using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA). This assembled fragment was then digested from the TOPO vector with BamHI and XhoI and cloned into the plasmid pZW125, which was constructed by inserting a chloramphenicol resistance gene into the oriR R6Kg plasmid pWM91 containing the sacB gene (Metcalf et al., 1996) . The resulting plasmid (pZW025) was transformed into E. coli strain Sm10λpir and transferred into a V. campbellii spontaneous streptomycin resistant mutant (V. campbellii-str1) by conjugation. The conjugants were grown on LM agar plates containing 3 μg/mL chloramphenicol and 1 μg/mL streptomycin. The hmgA was selected on LM plates supplemented with 6% sucrose and verified by PCR.
GROWTH CURVE ANALYSES
Bacterial replication was measured using a Bioscreen C analyzer (Growth Curves USA, Piscataway, NJ, USA). Briefly, overnight cultures were diluted 1:5000 (∼10 5 cells/mL) in pre-warmed LM and five 200 μL aliquots of the wild type (WT) and hmgA strains were transferred into a 100-well honeycomb plate. The plate was incubated at 30 • C for 48 h with continuous shaking and wide band OD 450−580 nm measurements taken every 30 min. Three independent experiments were performed in this manner.
MEASUREMENT OF PIGMENTATION, BIOLUMINESCENCE AND CELLULAR SUSCEPTIBILITY TO H 2 O 2
Matched diluted overnight WT and hmgA cultures were used to inoculate 50 mL LM media in 250 mL flasks and incubated at 30 • C and 200 rpm. Every 24 h, three 100 μL aliquots of culture were collected and bacterial cells were pelleted via centrifugation at 10,000× g for 5 min. Supernatant pigments were measured using a NanoDrop ND-2000c spectrophotometer (Thermo Scientific, Pittsburg, PA, USA) at OD 400 . Another three 100 μL aliquots of culture were placed in a black U96 Nunc MicroWell™ plate (Thermo Scientific) and measured for bioluminescence using a Luminoskan Ascent Microplate Luminometer (Thermo Scientific). Three independent experiments were performed in this manner.
At the 48 h time point, WT, and hmgA cells were harvested, washed and resuspended in fresh LM media. They were then incubated with 2 mM H 2 O 2 at room temperature for 15 min. The percentage survival was calculated by counting colony forming units (CFU) immediately before and after the H 2 O 2 treatment on LM agar plates. The potentially protective effect of WT and hmgA culture supernatants against H 2 O 2 treatment was also tested using WT cells. Briefly, mid-log phase WT cells were harvested, washed and resuspended in 0.2 μm filter-sterilized supernatants from WT and hmgA 48 h LM media cultures. The cell suspensions were then incubated at room temperature in the presence of 2 mM H 2 O 2 for 15 min. The percentage survival was calculated by counting CFUs immediately before and after the H 2 O 2 treatment on LM agar plates. The data for each of these experiments was generated from three independent assays.
PIGMENT PREPARATION AND ELECTRON SPIN RESONANCE SPECTROSCOPY
Partial purification of the pigment from the hmgA strain was modified from the method previously described by Turick et al. (2002) . Briefly, a 50 mL hmgA culture was grown in LM at 30 • C for 96 h with shaking at 200 rpm. The cells were harvested via centrifugation at 5000× g for 10 min, and the supernatant was removed and acidified with 6 N HCl to a final solution concentration of 0.4 N and was then allowed to precipitate for 12 h at room temperature. The concentrated pigment was collected by centrifugation at 8000× g for 20 min, washed twice with dH 2 O and then dried using a SpeedVac Concentrator (Thermo Scientific). A pure synthetic melanin that was chemically prepared from the oxidation of tyrosine was purchased and used as a control (M8631, Sigma-Aldrich, St. Louis, MO, USA). A second control, DHN-melanin, was prepared from the conidia of the fungus Aspergillus niger using the method of Youngchim et al. (2004) . The pigment powder samples were characterized by electron spin resonance (ESR) at 300K in a Bruker 9.5 GHz spectrometer. Typical microwave powers of 5-20 mW with 1G modulation amplitude and 100 kHz field modulation were employed for these experiments.
SHRIMP VIRULENCE ASSAYS
The LD 50 of the WT and hmgA strains were evaluated on the black tiger shrimp Penaeus monodon. Both strains were grown in Tryptic Soy Broth containing 1% NaCl at 30 • C with shaking at 150 rpm, harvested by centrifugation at 2000× g for 10 min and washed twice with sterile Marinum® artificial seawater (ASW) (Mariscience International Co. Ltd., Bangkok, Thailand). Bacterial cell suspensions in ASW were adjusted to 2.6 × 10 8 CFU/mL using a turbidimeter (Oxoid Ltd., United Kingdom) and twofold dilutions were performed to obtain the required concentrations of bacteria prior to injecting the shrimp. The juvenile shrimp used in this study were 10-13 g in weight and 4-5 inches in length. Each shrimp received an intramuscular injection of 100 μL diluted V. campbellii (with batches of seven shrimp/dose) between the third and fourth abdominal segments. Control shrimp were injected with ASW. The experiments were performed in quadruplicate. The animals were maintained in a 70 L ASW glass tank at a temperature of 29 ± 1 • C and salinity of 17 ppt. Shrimp mortalities were observed within 48 h of injection and were confirmed by detecting bioluminescence in the organs of the dead shrimp. The LD 50 was calculated using the method of Reed and Muench (1938) .
MICROARRAY-BASED TRANSCRIPTOME ANALYSES
Aliquots of three cultures (3.0 × 10 8 cells/mL) of the WT and hmgA strains grown in LM at 30 • C for 48h with constant shaking at 200 rpm were harvested for total RNA extraction. RNA was isolated using the RiboPure™-Bacteria Kit (Life Technologies, Grand Island, NY, USA), treated with DNase and 10 μg of total RNA from each culture was further purified using the MICROBExpress™ Bacterial mRNA Enrichment Kit (Life Technologies) according to the manufacturer's specifications. All RNA preparations were quantified and analyzed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA) and normalized to 1 μg. The normalized RNA was labeled, purified, fragmented and hybridized to a custom Affymetrix microarray (520694F) according to standard protocols (Affymetrix, Santa Clara, CA, USA). All hybridizations incubated for 16 h at 49 • C in the GeneChip® Hybridization Oven 640 at 60 rpm and the microarrays were then washed and stained with the GeneChip® Fluidics Station 450 and scanned using the GeneChip® Scanner 7G (Affymetrix). Hybridization signal intensities were analyzed with the GeneChip® Operating Software (GCOS) to generate raw image files (.DAT) and simplified image files (.CEL) with intensities assigned to each of the corresponding probe positions. The data collected was used to profile the expression levels of 4831 open reading frames. The data containing the distribution of the probe amplitudes were calculated and a classical analysis of variance (ANOVA; applying the CRAN R's aov function) was performed across conditions for each probe site.
The median values revealing the gene-level measurement of differential expression was determined (Rubin, 2009) . The gene designations and annotations utilized are from the Naval Research Laboratory's V. campbellii ATCC BAA-1116 genome sequencing effort (GenBank accession numbers CP006605, CP006606, CP006607) and the expression profiling data can be found in the GenBank Gene Expression Omnibus repository (accession number GSE46223).
QUANTITATIVE REVERSE TRANSCRIPTION PCR
Real-time reverse transcription PCR assays were conducted using the iScript™ One-Step RT-PCR Kit with SYBR Green (Bio-Rad Laboratories, Hercules, CA, USA). One nanogram of mRNA from two biological replicates were tested in triplicate on an iCycler (BioRad). The PCR primers were designed using Primer3 online software (v. 0.4.0) (http://frodo.wi.mit.edu/). Relative quantities of the transcripts were determined using the 2 − Ct formula where Ct is the difference in Ct of the selected genes and Ct of the normalizer gene, and Ct is the difference in Ct from hmgA and Ct from the WT. The rpoS1 gene was used to normalize the expression levels of the selected genes as its transcription level was found to be constant in both the WT and hmgA strains.
RESULTS AND DISCUSSION
CHARACTERIZATION OF hmgA PIGMENT AND PHENOTYPES
An examination of the V. campbellii ATCC BAA-1116 genome revealed that 4 genes in the catabolic pathway of tyrosine metabolism, hmgA (M892_02450), hppd (4-hydroxyphenylpyruvate dioxygenase, M892_02455), fahA (fumarylacetoacetase, M892_02445), and maiA (maleylacetoacetate isomerase, M892_02440), appeared to form an operon and shared the same genetic synteny as other sequenced Vibrio species. An in-frame deletion of the hmgA gene was generated ( hmgA) to investigate the role of this gene in pigment production and cellular physiology. When cultured on LM agar plates, in baffled glass Erlenmeyer flasks or polystyrene round-bottomed tubes for ≥ 48 h, the hmgA strain produced a brown pigment that was expected to be the result of the auto-oxidation and polymerization of homogentisate ( Figures 1A,B) . The pigment was found to be present in hmgA cell-free supernatants as well as washed cell pellets suggesting that the pigment was not only released into the microenvironment but could also be found associated with the bacterial cell membrane (data not shown). Interestingly, the production of this pigmentation was not observed when hmgA cells were cultured in 50 mL polypropylene conical tubes ( Figure 1C ). Under the experimental conditions utilized, the 50 mL conical tubes provided the least aeration. In the absence of sufficient aeration, which is required for the oxidation of homogentisate, the production of the pigment was not observed. In order to identify the oxidized homogentisate polymer, the extracted brown pigment from hmgA cell culture supernatants was examined using ESR. The ESR spectrum of the pigment revealed a distinct stable free radical signal that was characteristic of melanin and highly similar to synthetic eumelanin and DHN melanin of Aspergillus niger ( Figure 1D ) thus, confirming that the hmgA pigment was pyomelanin. The results demonstrate that like V. cholerae hmgA, V. campbellii hmgA also produces pyomelanin but does not appear to do so in the same abundance or nearly as rapidly (Valeru et al., 2009) .
Growth curve analyses in nutrient rich LM medium revealed that the WT and hmgA strains grew equally well during the lag, log, and early stationary phases of growth. However, hmgA displayed a lesser ability to survive during late stationary phase (post 48 h) (Figure 2A ): a time point that coincided with the measurable production of pyomelanin ( Figure 2B) .
In other bacterial and fungal organisms, melanin has been demonstrated to have a role in protecting against certain environmental stressors as mutations in the hmgA gene and the resulting melanization have been shown to provide an increased resistance to UV irradiation and H 2 O 2 -mediated oxidative stress (Rodriguez-Rojas et al., 2009; Schmaler-Ripcke et al., 2009; Valeru et al., 2009 ). However, when we performed similar experiments comparing the response of V. campbellii WT and hmgA washed cells to different doses of UV irradiation and concentrations of H 2 O 2 , no significant differences in viability were observed (data not shown). Interestingly, however, we did observe the protective properties of pyomelanin when cell-free pyomelanin-containing supernatants from hmgA cultures were incubated with WT cells and then exposed to 2 mM H 2 O 2 ( Figure 2C) Unlike any other pyomelanin-producing bacterium investigated to date, V. campbellii ATCC BAA-1116 is capable of generating quorum sensing-induced bioluminescence. Interestingly, previous studies have suggested that the luciferase enzyme and bacterial bioluminescence, like pyomelanin, also play a physiological role in protecting cells against UV and oxidative stress. For example, UV irradiation has been found to stimulate bioluminescence (Czyz et al., 2002) which in turn photoreactivates DNA repair processes (Kozakiewicz et al., 2005) and bioluminescent cells have been shown to be significantly more resistant to UV irradiation than their non-bioluminescent counterparts (Czyz et al., 2000; Kozakiewicz et al., 2005) . In addition, various oxidants, such as H 2 O 2 , have been shown to severely impair the growth of vibrios lacking the luciferase enzyme (Szpilewska et al., 2003) . This is due to the fact that in addition to the production of light, this enzyme is also capable of increasing cellular resistance to oxidative stress by detoxifying reactive oxygen species (Katsev et al., 2004) . Therefore, in addition to the more common bacterial mechanisms of UV and oxidative stress protection, bioluminescent V. campbellii also contain luciferasebased protective mechanisms. This combination of luciferase and pyomelanin in the same organism introduced the possibility of additive or synergistic stress protection. However, when the bioluminescence output of hmgA was examined during measurable pyomelanin production (48 h), it was found to be significantly attenuated in comparison to the WT ( Figure 2D ). While this result demonstrated a diminution of light production in pyomelanin-producing hmgA, it was incapable of determining whether this was due to a decrease in luciferase abundance or activity, reduced intracellular O 2 or necessary substrates.
SHRIMP VIRULENCE MODEL
In V. cholerae hmgA and P. aeruginosa hmgA, pyomelanization was shown to play a role in increasing virulence factor expression and adaptation to chronic infections in vertebrate animal models (Rodriguez-Rojas et al., 2009; Valeru et al., 2009 ). As V. campbellii BAA-1116 is known to pathogenize shrimp, we sought to determine whether V. campbellii pyomelanization would have a similar effect on invertebrate animal infections. V. campbellii WT and hmgA were used to infect juvenile black tiger shrimp (Penaeus monodon) and the LD 50 of both were evaluated. Surprisingly, the LD 50 of hmgA was ∼2.7 times higher (less lethal) than that of the WT indicating that the production of pyomelanin in hmgA was associated with decreased virulence in this model infection system (Table 1) .
In invertebrates, one of two major immune responses against invading pathogens is the prophenoloxidase activating system (proPO) (Cerenius and Soderhall, 2004) . Upon infection, nonself molecules such as lipopolysaccharide, peptidoglycan and β-glucan can activate the proPO I cascade and result in the formation of melanin around the invading microorganisms. In this circumstance, the host formed melanin is thought to physically shield the pathogens to prevent or retard their growth. Host derived quinones, which are intermediates of melanin production, may also be involved in the production of cytotoxic molecules (e.g., superoxides, hydroxyl radicals) that could help inactivate the invading pathogens. The protective efficacy of the proPO system is further highlighted by the demonstration that gene silencing of PO activating enzymes in Penaeus monodon increases the susceptibility of the host to V. harveyi infection Charoensapsri et al., 2009 ).
Given these facts and the demonstrated phenotypes of V. campbellii hmgA, we suggest that pyomelanization may reduce this bacterium's virulence potential in two ways. First, pyomelanin production by hmgA cells may effectively add another layer to the host-assembled melanin around the sites of infection so as to further limit bacterial growth. The comparatively poor survival of hmgA in late stationary phase (the time of melanization) (Figure 2A ) may allude to this possibility. Second, the pyomelanin produced by hmgA may be recognized by the host as another foreign moiety that could further stimulate the proPO system and enhance the clearance of these bacteria.
TRANSCRIPTOME ANALYSES
As the differences in pyomelanin production, bioluminescence and survival were observed during late stationary phase (48 h), we chose this time point to perform comparative microarray-based expression profiling analyses to understand how the deletion of the hmgA gene and subsequent production of pyomelanin gave rise to the observed phenotypes. Whole genome expression profiling revealed that 129 genes (2.7% of the interrogated genome) were significantly modulated in hmgA when compared to the WT (adjusted p-value < 0.001). Overall, inactivation of the hmgA gene appeared to affect the expression of genes involved in energy production and conversion, amino acid metabolism, lipid metabolism, and quorum sensing/bioluminescence (Figure 3) . Interestingly, the transcript levels of all 129 genes were found to be less abundant in hmgA with approximately 70% of them www.frontiersin.org December 2013 | Volume 4 | Article 379 | 5 FIGURE 3 | COG summary of differentially expressed genes. COG functional category: C, energy production and conversion; I, lipid transport and metabolism; E, amino acid transport and metabolism; J, translation, ribosomal structure and biogenesis; M, cell wall/membrane/envelope biogenesis; O, post-translational modification, protein turnover, chaperones; T, signal transduction mechanisms; G, carbohydrate transport and metabolism; R, general function prediction only; S, function unknown; V, defense mechanisms; K, transcription; L, replication, recombination and repair; D, cell cycle control, cell division, chromosome partitioning; P, inorganic ion transport and metabolism; Q, secondary metabolites biosynthesis, transport and catabolism; H, coenzyme transport and metabolism; U, intracellular trafficking, secretion, and vesicular transport.
demonstrating a ≥ twofold reduction in transcript abundance ( Table 2 ). The transcriptional modulation of 10 of these genes was also verified using quantitative RT-PCR ( Table 2) .
ENERGY PRODUCTION AND ELECTRON TRANSFER
Two of 3 genes (M892_08460, M892_08470) in an operon encoding subunits of ubiquinol-cytochrome c reductase were down-regulated in hmgA. This cytochrome complex catalyzes the oxidoreduction of mobile redox components generating an electrochemical potential (Kurowski and Ludwig, 1987) . Two other modulated genes, NrfB (M892_17240) and NrfC (M892_17245), encode cytochrome-type components of the electron transfer chain of respiratory nitrite ammonification in γ-proteobacteria (Simon, 2002) . This electron transfer reaction usually occurs during anaerobic growth and the electron donor formate is readily formed from pyruvate by pyruvate formate lyase. Coincidently, the gene encoding pyruvate formate lyase (M892_05385) was also repressed in the mutant. In addition, a number of genes in the glycolysis pathway, such as those encoding fructose-bisphosphate aldolase (M892_13305), glyceraldehyde 3-phosphate dehydrogenase (M892_15785) and enolase (M892_19270), were down-regulated as well, and likely result in the reduced production of pyruvate. Since HmgA is not a DNA regulatory factor, these results indicated that the pyomelanin produced in hmgA may decrease redox activity by serving as an electron sink which in turn would interfere with electron transfer and further weaken cellular respiration in late stationary phase.
AMINO ACID AND LIPID METABOLISM
The transcripts from three well characterized gene clusters involved in amino acid and lipid metabolism (etfABD, ivd-ABCDEFG, liuABCDE) were also significantly down-regulated in hmgA. These operons encode enzymes that take part in the branched-chain amino acid (i.e., isoleucine, leucine, valine) degradation pathway that is used for energy production in many proteobacteria (Kazakov et al., 2009) . Proteins encoded by etfABD catalyze electron transfer from quinones to flavoproteins not only in the leucine degradation pathway but also in the fatty acid degradation pathway. The master regulator of the branched-chain amino acid degradation pathway, LiuR, is encoded by the liuR gene which resides between the liuABCDE and ivdABCDEFG operons. The liuR gene was also significantly down-regulated in hmgA (p-value = 0.0003) suggesting a regulatory mechanism for the pyomelanin-induced retardation of branched-chain amino acid degradation. It was interesting to note that another amino acid degradation pathway was also affected by the production of pyomelanin. The proline utilization operon putBCP, encoding proline dehydrogenase, δ-1-pyroline-5-carboxylate dehydrogenase and permease, respectively, was also down-regulated in hmgA. However, the expression of pruR, which is adjacent to and has been reported to regulate the putBCP operon in P. aeruginosa PAO1 (Nakada et al., 2002) , did not change. Interestingly, transcription of the putBCP operon has been reported to respond to osmotic stress by producing more of the final product glutamate in V. vulnificus (Lee et al., 2003) and coincidently, pyomelanin biosynthesis was also demonstrated to be induced by osmotic stress in V. cholerae (Coyne and Al-Harthi, 1992 ). Thus, it is possible that hmgA pyomelanin may function as a solute glutamate to counter osmotic stress during late stationary phase thus, alleviating the physiological signal for the increased expression of putBCP and resulting in the decreased transcription observed in this study.
VIRULENCE, QUORUM SENSING, AND BIOLUMINESCENCE
Although the virulence mechanisms that contribute to bioluminescent vibriosis are not completely understood, several biomolecules are known to be contributing factors (Austin and Zhang, 2006) . The expression of many of these virulence factors, including the type III secretion system (Henke and Bassler, 2004a) , extracellular toxin (Manefield et al., 2000) , metalloprotease (Mok et al., 2003) , siderophore (Lilley and Bassler, 2000) , chitinase (Defoirdt et al., 2010) , phospholipase, caseinase, and gelatinase (Natrah et al., 2011) are known to be regulated by the quorum sensing master regulator LuxR. Our findings from the shrimp virulence model demonstrated that hmgA was less virulent than the WT and led to the suggestion that this phenotype may have been due to the down-regulation of several virulence factors in hmgA. However, with the exception of two [hemolysin (M892_26640) and azurin (M892_25430)], the genes encoding these factors were not differentially expressed suggesting that the decreased virulence potential of hmgA was not caused by an overt down-regulation of accepted virulence factors. The expression of bioluminescence has also been associated with virulence in shrimp (Manefield et al., 2000; Phuoc et al., 2009) and indirect evidence has suggested that bioluminescence and a toxic extracellular protein are co-regulated (Manefield et al., 2000) . The molecular mechanisms of Vibrio quorum sensing and its resulting bioluminescence have been most extensively studied in V. campbellii BAA-1116 and the regulation of luxCD-ABEGH gene cluster responsible for bioluminescence is known to be positively regulated by the quorum sensing master regulator LuxR (Bassler et al., 1993; Henke and Bassler, 2004b; Lenz et al., 2004; Waters and Bassler, 2006; Tu and Bassler, 2007) . In this study, the bioluminescence output of hmgA was found to be significantly attenuated and this phenotype could be attributed to the pronounced down-regulation of luxCDABEGH in hmgA ( Table 2) . Furthermore, the gene encoding the high cell density state quorum sensing master regulator LuxR and another quorum sensing regulator (LuxT) (Lin et al., 2000) were also significantly modulated in hmgA. It is estimated that this singular effect on luxR transcript levels accounted for 40% of the transcriptional modulation seen in hmgA as a comparison with the LuxR regulon (manuscript in preparation) revealed 52 modulated genes in common.
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In addition to the lux bioluminescence genes, LuxR has also been shown to regulate the synthesis of storage polyhydroxybutyrates in bioluminescent vibrios (Miyamoto et al., 1998) . Polyhydroxybutyrates, the most characterized member of the polyhydroxyalkanoates, are storage polyesters that are produced and accumulate in the bacterial cytosol in carbon-rich environments when other nutrients are limited (Reddy et al., 2003) . When available carbon has been exhausted, these storage polymers can be catabolized for carbon and energy. In V. campbellii hmgA, the expression of the polyhydroxybutyrate synthesis gene cluster (phaCDAB) was markedly reduced in comparison to the WT. Thus, a blockage of the tyrosine catabolism pathway and production of pyomelanin not only retarded amino acid degradation but also kept V. campbellii from accumulating carbon storage polymers when in a carbon-rich environment. Evidence of these nutrient management deficiencies could be seen in the late stationary phase hmgA cultures (Figure 2A) where depleted carbon supplies may have contributed to diminished survival.
The transcriptional modulation of members of the LuxR quorum sensing regulon in hmgA, presumably due to reduced luxR transcript levels, was unexpected as HmgA is not known to be a regulatory protein. One possible explanation for this observation may be that extracellular pyomelanin is somehow interfering with the binding of autoinducer molecules to their cognate quorum sensing histidine kinase receptors. Alternatively, membrane-embedded pyomelanin may sufficiently alter membrane structure and impair the binding of autoinducer molecules or subsequent phosphorylation cascade. In either case, the quorum sensing signaling cascade would mimic a low cell density state resulting in the phosphorylation of the response regulator LuxO and activated transcription of regulatory small RNAs (Qrr sRNAs) (Lilley and Bassler, 2000) . As the base-pairing of the Qrr sRNAs to luxR transcripts results in the degradation of luxR mRNA (Lenz et al., 2004; Tu and Bassler, 2007) , pyomelanization may lock the cells in a low cell density state thus, explaining the transcriptome profiling data.
CONCLUSIONS
In this study, we used the model quorum sensing bacterium V. campbellii BAA-1116 to determine how the deletion of the hmgA gene and resulting pyomelanization affected cellular phenotypes, virulence, and transcription. While the material properties of V. campbellii pyomelanin were similar to previous descriptions, there did not appear to be a generality of pyomelanin-mediated phenotypes as pyomelanization had either a neutral or deleterious effect on cell survival. Despite the fact that pyomelanin production in other pathogenic bacteria had been shown to increase their virulence and adaptation to chronicity in mammalian infection models, our results using a shrimp infection model indicated that pyomelanized V. campbellii were actually less virulent than the isogenic WT strain. These observations may be due in part to the comparatively lesser amount of pyomelanin produced and retained in V. campbellii and the effect this production had on cellular metabolism. This was supported by the first transcriptome-level analysis comparing a pyomelaninproducing mutant with its isogenic WT strain. It is also worth noting that the immune responses from different animal models (invertebrate vs. vertebrate) may also play a large role in the differences seen in virulence. V. campbellii is primarily an invertebrate animal pathogen and this is the first time that the effect of pyomelanization has been tested in an invertebrate model system (i.e., a natural host organism). The transcriptional profiles demonstrated that the deletion of the hmgA gene led to significantly lower transcript abundance levels of several important metabolic processes that disrupted cellular homeostasis and fitness in stressful environments (e.g., stationary phase). Taken together, these findings may explain why naturally pyomelanized V. campbellii or V. harveyi have not been identified from the marine environment or infected eukaryotic host organisms.
